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A series of molecular dynamics simulations of simple liquid binary mixtures of soft spheres with disparate-
mass particles were carried out to investigate the origin of the marked differences between the dynamic
structure factors of some liquid binary mixtures such as the Li0.7Mg0.3 and Li0.8Pb0.2 alloys. It is shown that the
facility for observing peaks associated with fast-propagating modes in the partial Li-Li dynamic structure
factor of Li0.8Pb0.2 should be mainly attributed to the structure of this alloy, which is characterized by an
incipient ABAB ordering as found in molten salts. The longitudinal dispersion relations at intermediate wave
vectors obtained from the longitudinal current spectra are very similar for the two alloys and reflect the
existence of both fast-and slow-propagating modes of kinetic character associated with light and heavy par-
ticles, respectively. The influence of the hardness of the repulsive potential cores as well as the composition of
the mixture on the longitudinal collective modes is also discussed.
DOI: 10.1103/PhysRevE.64.021202 PACS number~s!: 61.20.Lc, 61.20.Ja, 05.20.JjI. INTRODUCTION
Studies of the collective dynamic properties in liquids at
the atomic level are mostly based on the analysis of the dy-
namic structure factors and longitudinal current spectra,
which are intimately related to the fluctuations in density. In
recent years, the longitudinal collective modes in liquid al-
loys have been the subject of different experimental, theoret-
ical, and computer-simulation analyses. Interest in this topic
was stimulated by the results obtained by Bosse et al. @1#
from a molecular dynamics ~MD! simulation of the liquid
Li0.8Pb0.2 alloy. These authors observed the presence of no-
ticeable peaks in the partial dynamic structure factor for the
Li particles at intermediate wave vectors ~k! and frequencies
~v!, i.e., within a k-v interval between the kinetic and hy-
drodynamic regions. This interval can be suitably explored
by both computer simulations and neutron-scattering experi-
ments. The velocity corresponding to those modes was mark-
edly higher than the sound velocity for Li0.8Pb0.2 and they
were called ‘‘fast sound’’ modes. Neutron-scattering experi-
ments of the Li0.8Pb0.2 and Li0.8Tl0.2 alloys @2# and binary
mixtures of noble-gas fluids @3# also reflected the existence
of these kinds of modes. Campa and Cohen @4# justified the
existence of ‘‘fast sound’’ modes in binary mixtures of
disparate-mass particles according to the kinetic theory. Re-
cent MD simulations of the Li0.8Pb0.2 @5# and Li0.7Mg0.3 @6#
alloys suggested that the fast-propagating modes that were
associated with the light particles are not soundlike modes
but have a local kinetic character.
The partial intermediate scattering functions @Fi j(k ,t)#
for distinct liquid binary alloys can show dramatic differ-
ences. This is evident if we observe the Fi j(k ,t) functions
for Li0.8Pb0.2 and Li0.7Mg0.3 in Fig. 1, which were calculated
by MD simulation using the potential by Copestake et al. @7#
and a potential obtained by the neutral pseudoatom method
~NPA! @8,9#, respectively. It should be noted that the
Li0.8Pb0.2 alloy has a marked ionic character, whereas
Li0.7Mg0.3 may be considered as representative of an ideal
simple liquid binary mixture. The static structure factors ob-
tained from MD simulations of the Li0.8Pb0.2 alloy using the1063-651X/2001/64~2!/021202~10!/$20.00 64 0212potential by Copestake et al. @7# are in qualitative accord
with the results from diffraction experiments while there is
good agreement between the dynamic properties obtained
from both MD and experiments @5,10#. The NPA potential
reproduces rather well the total static structure factor for the
Li0.7Mg0.3 alloy @9#. The Fi j(k ,t)’s for the Li0.8Pb0.2 alloy
show a fast-decaying oscillatory behavior that is similar to
that usually shown by the F(k ,t) functions for one-
component liquids. Then the Fi j(k ,t)’s for Li0.8Pb0.2 can be
Fourier-transformed to obtain the corresponding partial dy-
namic structure factors @Si j(k ,v)# . The SLiLi(k ,v) functions
for the different k’s show a noticeable peak that was associ-
ated with fast-propagating modes. On the contrary, the
Fi j(k ,t)’s for Li0.7Mg0.3 show much larger values than for
Li0.8Pb0.2 and decay very slowly without any noticeable os-
cillation. The large discrepancies between the Fi j(k ,t) re-
sults for Li0.8Pb0.2 and Li0.7Mg0.3 could be attributed to the
bigger mass difference between particles of the two species
in the former alloy. However, recent MD results for isotopic
alloys @6# showed that the discrepancies should not be asso-
ciated with the differences in the mass of particles but rather
to other characteristics such as the differences in the inter-
atomic potentials.
The main objective of this study is to investigate the ori-
gin of the discrepancies in the longitudinal collective dy-
namic properties of Li0.8Pb0.2-like and Li0.7Mg0.3-like mix-
FIG. 1. Partial intermediate scattering functions for the Li0.8Pb0.2
and Li0.7Mg0.3 alloys.©2001 The American Physical Society02-1
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s22 ~Å! 3.405 3.405 3.405 3.85 3.85 3.85 3.405 3.405tures at intermediate wave vectors, i.e., between the
hydrodynamic and the kinetic regimes. One of the advan-
tages of the MD technique is that it allows us to perform
computer-simulation experiments specially designed to
check the influence of a given factor on the behavior of the
system. The influence of the mass difference between par-
ticles on the longitudinal modes was recently discussed @6#.
In this paper, we analyze the Fi j(k ,t) functions and corre-
sponding spectra resulting from MD simulations of simple
liquid binary mixtures of soft spheres with the same mass
ratio but different interaction potential functions. The poten-
tials were sketched to model the most significant features of
the interactions in simple liquid mixtures and partially ionic
alloys, respectively. Liquid mixtures in which the heavy par-
ticles are in the majority have also been simulated and the
results compared with those obtained for analogous systems
in which the heavy particles are in the minority. Earlier MD
results on simple one-component liquids @11# have shown the
marked dependence of the dynamic structure factor and
propagating longitudinal modes on the softness of the poten-
tial core. This investigation has been extended to the case of
the binary liquids considered in the present study, and the
results will also be discussed in this paper.
II. DESCRIPTION OF THE MD SIMULATIONS
MD simulations of different liquid binary mixtures at T
5120 K were carried out. Six liquid mixtures made up of
N15648 particles of species 1 and N25216 particles of spe-
cies 2 within a cubic box and the usual periodic boundary
conditions were considered. The mass of the former ~light
particles! was m1525.95 amu, whereas the mass of the sec-
ond ~heavy particles! was m2520m1 . Thus, the mean mass
@m21/2[x1m1
21/21x2m2
21/2 @12#, where x15N1 /(N11N2)
and x25N2 /(N11N2) are the fractional concentration of
species 1 and 2, respectively# of the system was m
539.95 uma. The densities in the different simulations
~Table I! were chosen so that the pressure was close to a
fixed value (p’800 MPa). The most important differences
among the simulated systems were the interaction potentials
@Vi j(r); i51,2; j51,2#. The characteristics and parameters02120of the potentials are summarized in Table I and the Vi j(r)
functions are depicted in Fig. 2. We started with a system
(A), which structure shows analogous features to that of
FIG. 2. Interaction potentials used in the MD simulations. Po-
tential A corresponds to a simple alloy model with two species of
the same size. Potential D reproduces the most significant structural
features of ionic alloys such as Li0.8Pb0.2 @7#. Potentials B and C are
intermediate between A and D. Potentials A1 and D1 are analogous
to potentials A and D, respectively, but with harder potential cores
between like particles. Potentials E and F are identical to potentials
A and B, respectively. For the potentials A and A1: V11(r)
[V12(r)[V22(r).2-2
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Li0.7Mg0.3 alloy. The reason for the use of simple potential
models instead of more realistic ones, such as the NPA po-
tentials, is that the former are expressed by a simple math-
ematical function with few parameters that can be suitably
modified. Thus, we can pass in successive steps from system
A to system D, which shows a structure analogous to that of
partially ionic alloys such as Li4Pb.
In the system A, all the particles interact through a repul-
sive soft-sphere ~SS! potential, i.e., V11(r)5V12(r)
5V22(r)54«(s/r)6, with «5119.8 K and s53.405 Å.
This potential is a simple model of a liquid alloy with two
species of particles of the same size, i.e., the only difference
between species 1 and 2 is the mass of the particles. The
cutoff for the interactions was at 2.5s. In order to study the
influence of the softness of the potential core, another system
with identical conditions but a potential with a harder wall
was also simulated. This system will be termed A1. In this
case, the interactions were the repulsive part of a Lennard-
Jones ~RLJ! potential V11(r)5V12(r)5V22(r)
54«@(s/r)122(s/r)6# truncated at its minimum rmin
521/6s . The parameters s and « were the same as for the
system A.
As may be observed in Fig. 2, there are marked differ-
ences between the potential ordinarily used for Li4Pb @7# and
that used for system A. The interaction between Li and Pb is
attractive at intermediate distances, the effective size of the
Li and Pb particles is very different, and the interactions
between distinct species show large deviations from additiv-
ity, i.e., the repulsive wall for the Li-Pb interactions is no-
ticeably shifted to the left in relation to the repulsive walls
for the Li-Li and Pb-Pb interactions. These characteristics of
the VLiPb(r) potential reflect the ionic character of the Li4Pb
alloy. We modified the potential for system A in three suc-
cessive steps in order to reproduce separately the most sig-
nificant features of the potentials for ionic alloys.
Attractive forces between particles 1 and 2 were assumed
in system B. In this case, both V11(r) and V22(r) were the
same as for system A while V12(r) was a Lennard-Jones ~LJ!
potential truncated at 2.5s. The potential parameters « and s
were the same as for A. The effective sizes of particles 1 and
2 were different in system C. The Vi j(r) functions for this
system were the same as for B but s125(s111s22)/2
53.405 Å and s2251.3s11 . Finally, the effective sizes of
particles were nonadditive in system D, i.e., s12,(s11
1s22)/2. It should be noted that the nonadditivity of the
sizes of particles is a characteristic of the interactions in sys-
tems of charged particles. For system D, the Vi j(r) functions
as well as the parameters s11 and s22 were the same as for C
but s1250.8s11 . As shown in Fig. 2, the main features of
the Vi j(r) potential functions for D are very similar to those
for Li0.8Pb0.2, whereas the Vi j(r) potential functions for B
and C are intermediate. We also performed a simulation of a
system identical to system D but with harder potential cores
between like particles. This system will be termed D1. As
with A1, both V11(r) and V22(r) for D1 were the repulsive
part of a Lennard-Jones potential. The potential parameters
for D1 were the same parameters as for D.
To analyze the dependence of the results on the proportion02120of heavy and light particles, we simulated two additional
mixtures, which will be termed systems E and F. These sys-
tems were identical to the systems A and B, respectively, but
with an inverse proportion of light and heavy particles, i.e.,
they were made up of 216 particles of species 1 and 648
particles of species 2.
Both the partial radial distribution functions @gi j(r)# and
the Fi j(k ,t) functions were calculated according to the usual
definitions @13# during the MD simulations. The k-dependent
functions were determined for nine different wave vectors
ranging from the lowest value compatible with the size of the
box k’0.3– 2.5 Å21. The structure factors @Si j(k)# and the
dynamic structure factors @Si j(k ,v)# were obtained by
Fourier-transforming gi j(r) and Fi j(k ,t), respectively. The
number density-concentration intermediate scattering func-
tions were determined according to the definition @13#
FNN~k ,t ![x1F11~k ,t !1x2F22~k ,t !12~x1x2!1/2F12~k ,t !,
FNC~k ,t ![x1x2@F11~k ,t !2F22~k ,t !1~x22x1!
3~x1x2!
21/2F12~k ,t !# , ~1!
FCC~k ,t ![x1x2@x2F11~k ,t !1x1F22~k ,t !
22~x1x2!1/2F12~k ,t !# .
The FNN(k ,t) functions describe the averaged behavior of
the system, and in the limit case of a mixture of two identical
species they should be identical to the F(k ,t) functions for
the corresponding one-component system. As with one-
component liquids, SNN(k ,v) at low k show a Rayleigh peak
centered at v50 and two shifted Brillouin peaks at v
56csk . The Brillouin peaks correspond to propagating
sound modes with velocity cs . While the FNN(k ,t) functions
are related to the number-density fluctuations, the FCC(k ,t)
correlations are associated with the fluctuations caused by
the opposite motions of particles of different species. The
concentration-concentration correlations are analogous to the
charge-charge correlations in ionic solids and liquids. The
peaks in the spectra of the charge-charge correlation func-
tions for ionic systems @14# are associated with propagating
optic modes of kinetic character, i.e., the frequency goes to a
finite value as k goes to zero.
III. STRUCTURE
The resulting gi j(r) functions are depicted in Fig. 3. The
three partial gi j(r)’s for system A are identical since the only
difference between the two species is the atomic mass. More-
over, they show the typical features of the g(r) in dense
simple liquids. The gi j(r)’s for systems A and A1 only show
slight differences in the height of the first peak, which indi-
cates that the influence of the hardness of the potential core
on the structure is rather weak. However, the attractive inter-
actions between unlike particles produce marked changes in
the structure. The first maximum of the g22(r) function for
both system B and system C becomes substantially shifted
towards higher r values and corresponds to configurations
with a light particle between two heavy particles. The little2-3
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flects that two heavy particles are rarely in contact. On the
contrary, g11(r) has a clear first maximum at short distances,
which shows that configurations with two close light par-
ticles are frequent. These findings are consistent with the
higher proportion of light particles in the mixture. The struc-
ture of system D is markedly different from that of system C.
As can be expected, the maximum of g12(r) for system D is
shifted towards lower r values while the changes for the
g22(r) function are more significant. g22(r) for system D
shows a first peak associated with contact configurations.
Moreover, the position of this maximum is close to that of
the first minimum of g11(r) while the first maximum of
g11(r) is close to the first minimum of g12(r). This indicates
that the structure of system D presents some incipient fea-
tures of the ABAB ordering as found in molten salts. Because
of the very different proportion of the two species in the
mixture and the large size differences, the gi j(r) functions
for system D show marked discrepancies with those for
simple molten salts such as NaCl @15# but similar features
with the gi j(r)’s for less symmetric molten salts such as
SrCl2 @16#.
The partial structure factors Si j(k) were calculated by
Fourier-transforming the gi j(r) functions that were directly
obtained from the MD simulations. As may be observed
from Fig. 4, the Si j(k) functions allow us to see more clearly
the significant changes that the attractive interactions be-
FIG. 3. Partial radial distribution functions for different systems.
For the systems A and A1; g11(r)[g12(r)[g22(r).02120tween distinct particles produce on the structure of the binary
mixtures. The analysis of the Si j(k) functions at low k’s is
interesting because the initial values of the Fi j(k ,t) functions
should coincide with Si j(k). For both system A and the
Li0.7Mg0.3 alloy, the three Si j(k) functions show different
and relatively high values as k goes to zero @S11(0)
.0;S22(0).0;S12(0),0# . On the contrary, for systems B,
C, D, and Li0.8Pb0.2, the three Si j(k) functions are very close
and have very small values as k goes to zero @ uS11(0)u
’uS22(0)u’uS12(0)u!1# . The large differences between the
values of the Fi j(k ,t) functions for Li0.8Pb0.2 and Li0.7Mg0.3
may then be related to a greater coherence between distinct
particles in Li0.8Pb0.2 due to the ionic character of this mix-
ture. It should be emphasized that in the ioniclike systems B,
C, and D as well as in Li0.8Pb0.2, there is a notable asymme-
try in the interactions between like and unlike particles, the
former being purely repulsive and the latter being attractive
at intermediate distances ~see Fig. 2!. The ioniclike character
of systems B, C, and D is also revealed by the S12(k) func-
tions that show a deep first minimum analogous to that typi-
cal of the molten salts @15,17#. On the contrary, S12(k) for
system A only shows the characteristic peak of the random
liquid mixtures @17#.
The number density-concentration factors SNN(k),
SNC(k), and SCC(k) shown in Fig. 5 were calculated as a
combination of the partial Si j(k) factors according to Eq. ~1!.
SNN(k) for system A shows the ordinary shape of the struc-
ture factor in dense one-component fluids. A similar behavior
FIG. 4. Partial static structure factors for different systems.2-4
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first peak and subsequent oscillations of SNN(k) are much
less marked for system D. The shape of the SNN(k) factor for
system D reflects the existence of a rudimentary layer struc-
ture ~ABAB ordering! in this system. It should be noted that
SNN(k) for simple molten salts is rather structureless @15,17#,
whereas for other ionic materials such as SrCl2, ZnCl2, and
Ag2Se it is even more structured than that for system D @18#.
We want to emphasize the lack of structure associated with
concentration fluctuations in system A, which reveals that the
relative positions of particles of the two species in this mix-
ture are randomly distributed. On the contrary, the SCC(k)
factors for systems B, C, and D show a noticeable peak that,
however, is much lower than the strong SCC(k) peak charac-
teristic of ionic liquids with a rather long-range-ordered
structure @15,17#. The number density-concentration correla-
tions are very small for systems B and C but somewhat
higher in the case of the ‘‘more ordered’’ system D.
IV. DYNAMICS
A. Intermediate scattering functions
The partial Fi j(k ,t) functions at the lowest wave vectors
considered in this study are plotted in Fig. 6. As with
Li0.7Mg0.3 ~Fig. 1!, the Fi j(k ,t) functions for system A show
large initial values and decay very slowly without noticeable
oscillations. Nevertheless, the inclusion of attractive forces
between unlike particles produces dramatic changes in the
Fi j(k ,t) functions. The initial values of the Fi j(k ,t)’s for
systems B and C ~Fig. 6! are one order of magnitude lower
than those for system A, which is consistent with the small
values of the Si j(k) functions for these systems at low wave
vectors ~Fig. 4!. However, the decay of the Fi j(k ,t)’s for
systems B and C is rather slow, whereas the Fi j(k ,t)’s for
FIG. 5. Number density-concentration static structure factors for
different systems.02120system D show faster decays and their spectra can be easily
calculated. The comparison of Figs. 1 and 6 corroborates that
the Fi j(k ,t) functions for both system D and Li0.8Pb0.2 show
very close trends. It should be emphasized that the values of
the FNN(k ,t) functions for systems A and D, which represent
the overall behavior of the mixtures, are of the same order of
magnitude and their shapes are similar ~Fig. 8!. This cor-
roborates recent findings that suggested that the large initial
values as well as the slow decays of the three Fi j(k ,t) func-
tions are largely canceled when the FNN(k ,t) functions are
computed @6#.
In order to discuss the origin of the dramatic differences
between the Fi j(k ,t) functions for systems A and D at low
k’s, it is interesting to separate the total Fi j(k ,t) functions
into the self and distinct components @13,15#.
Fii~k ,t !5Fs
i ~k ,t !1Fd
ii~k ,t ! ~ i51,2!,
~2!
Fi j~k ,t !5Fd
i j~k ,t ! ~ iÞ j !.
As shown in Fig. 7, in the case of system D both Fd
11(k ,t)
and Fd
22(k ,t) are almost identical but with opposite sign to
Fs
1(k ,t) and Fs2(k ,t), respectively. These features are also
characteristic of the self and distinct intermediate scattering
functions in one-component liquids. Besides, Fd
12(k ,t) is
much smaller than Fd
11(k ,t) and Fd22(k ,t). Similar findings
were obtained for the Li0.8Pb0.2 alloy as well as for molten
FIG. 6. Partial intermediate scattering functions for different
systems at the lowest wave vector in this study.2-5
N. ANENTO AND J. A. PADRO´ PHYSICAL REVIEW E 64 021202salts @19#. These results suggest that the density fluctuations
at low k’s corresponding to the subset of particles of one the
species in binary liquids with ABAB ordering are analogous
to those in one-component liquids. On the contrary, the den-
sity fluctuations in binary liquids where particles of the two
species are randomly distributed are similar to those for a
dilute liquid or a gas, as shown by the results for system A in
Fig. 7 ~analogous results were obtained for the Li0.7Mg0.3
alloy!. In these liquid mixtures, the components of the total
intermediate functions for particles of one of the species
present important differences in relation to those in pure liq-
uids, i.e., Fd
11(k ,t), Fd12(k ,t), and Fd22(k ,t) have similar val-




The Fi j(k ,t) functions do not show significant changes
with the softness of the potential cores. The results for A1
are very close to those for A, whereas the Fi j(k ,t)’s for D1
show slightly greater values and slower decays than for D.
The large cancellations between the partial Fi j(k ,t) when
FNN(k ,t) is calculated may also be observed for system A1
~Fig. 8!.
B. Diffusion coefficients
The values of self-diffusion coefficients DS
1 and DS
2 ob-
tained from the mean-square displacements of the light and
heavy particles, respectively, are summarized in Table II. The
interdiffusion coefficients DI
12 have been estimated according





and their values are also given in Table II.
FIG. 7. Self and distinct components of the Fi j(k ,t) partial in-
termediate scattering functions for systems A and D. Full and open
triangles, F11(k ,t) and F22(k ,t). Full and open circles, Fd11(k ,t) and
Fd
22(k ,t). Continuous line, Fd12(k ,t). Long dashed and dashed lines,
Fs
1(k ,t) and Fs2(k ,t).02120It should be emphasized that the interdiffusion coeffi-
cients for systems B, C, and D are markedly higher than for
system A, especially in the case of system D. This suggests
that particles can spread more easily in the more ordered
system D, which is consistent with the faster decay of the
Fi j(k ,t) functions for this system. The results in Table II
prove that the diffusion coefficients are lower when the
heavy particles are in the majority than when they are in the
minority. We have not observed any clear dependence of the
diffusion coefficients on the hardness of the potential cores.
C. Dynamic structure factors
Results in Figs. 6 and 8 suggest that the oscillations of the
Fi j(k ,t)’s for system D @especially those of F11(k ,t)# as well
as the corresponding Si j(k ,v) maxima could also be present
for the other systems, including system A. To check this
point, we used the same procedure as in Ref. @6#. It is as-
sumed that the long time decay of Fi j(k ,t) may be approxi-
mately represented by an exponential function. Thus, it is
defined as
F2
i j ~k ,t !5Fi j~k ,t !2Ai j exp~2a i jt !, ~4!
where Ai j and a i j are k-dependent constants that were deter-
mined by fitting Ai j exp(2aijt) to the long time part of
Fi j(k ,t). The F2i j (k ,t) function keeps both the oscillatory
and the fast-decaying components of Fi j(k ,t), whereas the
slow-decaying component is mostly removed. S2
i j (k ,v) is
then obtained as the Fourier transform of F2
i j (k ,t). As may
be seen in Fig. 9, the S2
11(k ,v) functions for system A show
a noticeable peak for frequencies very close to those of the
S11(k ,v) peak for the same wave vector. This proves that the
peaks in the SLiLi(k ,v) for Li0.8Pb0.2, which were associated
with fast-propagating modes, are also present in other liquid
mixtures, although in many systems they cannot be easily
observed because they remain hidden due to other large and
slowly decaying contributions to the Fi j(k ,t) functions that
are also dominant in the Si j(k ,v) spectra.
As shown in Fig. 10, the S11(k ,v) functions for system D
present a clear Brillouin peak up to rather high wave vectors.
The frequencies corresponding to these peaks are also high
and their values increase with k. These results, which are
very similar to those for Li0.8Pb0.2 @1#, reflect the existence of
FIG. 8. Comparison of the number density-number density in-
termediate scattering functions for systems A, A1, D, and D1.2-6


















1 2.2 1.4 1.1 1.0 3.7 4.1 1.1 0.4
DS
2 1.8 1.1 0.6 0.5 1.9 2.4 0.9 0.5
DI
12 1.9 1.2 10.5 13.5 57.6 23.5 1.0 5.3fast-propagating modes through light particles. In the case of
system D1, the F11(k ,t)’s have a fast decay and the corre-
sponding spectra could be determined. However, they do not
show any noticeable peak within the k region considered in
this study ~Fig. 10!, which is consistent with the nonoscilla-
tory FNN(k ,t) function obtained for the lowest k value ~Fig.
8!. This result indicates that lower wave vectors should be
analyzed to observe the Brillouin peaks in system D1 @as
with one-component liquids, a Brillouin peak should be ob-
served in SNN(k ,v) at the hydrodynamic limit#. The
S11(k ,v) results for systems D and D1 in Fig. 10 are then
consistent with the findings for one-component liquids @11#,
which proved that longitudinal modes propagate up to higher
wave vectors in liquids with softer potential cores.
FIG. 9. Dynamic structure factors for the light particles
@S11(k ,v)# in system D compared with the corresponding S11(k ,v)
functions ~see the definition in the text! in system A.02120D. Longitudinal dispersion relations
The longitudinal current correlation functions CL(k ,t)
and corresponding spectra CL(k ,v), which were calculated
according to the usual definitions @13#, are very useful to
analyze the longitudinal modes in liquids. Although there is a
simple relation between them, CL(k ,v)5v2S(k ,v), the
low-frequency part of S(k ,v) is absent in CL(k ,v) whereas
the high-frequency part of the former becomes enhanced in
the second. Besides, CL(k ,v) has a visible peak at any k that
at low k’s has the same or slightly higher frequency than the
Brillouin peak in S(k ,v). Thus, the longitudinal dispersion
relations vL(k) may be quite easily obtained from the posi-
tions of the CL(k ,v) maxima for the different wave vectors.
FIG. 10. Dynamic structure factors for light particles at different
wave vectors for systems D and D1.2-7
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i j(k ,t) functions and corresponding spectra
CL
i j(k ,v) were obtained for the different binary liquids in
this study and the resulting relation dispersions vL
i j(k) are
illustrated in Figs. 11 and 12.
The vL
11(k) and vL22(k) functions depicted in Fig. 11 show
that there are no large deviations between the results for the
different systems. These findings reflect that, unlike other
properties such as the structure or the intermediate scattering
functions, the relation dispersions are rather insensitive to the
details of the interatomic potentials. As with one-component
liquids @9#, the values of vL
i j(k) should be mainly associated
with the thermodynamic state of the system and the atomic
mass of particles. The large discrepancies between vL
11(k)
and vL
22(k) should then be attributed to the mass difference
between the particles of the two species. The values of
vL
11(k) and vL22(k) are very different at all k’s, which shows
that the lowest wave vectors considered in this study are still
far from the hydrodynamic region where the frequencies for
the two species should coincide @5,6#. This is consistent with
earlier findings that suggested that the k value required to
FIG. 11. Dispersion relations corresponding to the longitudinal
partial currents. Full symbols, vL
11(k); open symbols, vL22(k);
circles, systems A, A1; triangles, system B; squares, system C;
diamonds, system D.02120reach the hydrodynamic regime decreases when the mass
ratio of the species in the mixture increases @6#.
The values of vL
22(k) for systems E and F ~Fig. 12!,
which now correspond to the majority particles, are very
close to those for the other systems. The CL
11(k ,v) functions
for systems E and F present two peaks. The low vL
11(k)
value coincides with the vL
22(k) value for the same k,
whereas the high vL
11(k) value is of the same order of mag-
nitude as vL
11(k) for the systems in which light particles are
in the majority but remains almost independent of k ~Fig.
12!. These findings suggest that in liquid mixtures of
disparate-mass particles at different compositions, the heavy
particles always keep their characteristic low frequencies
whereas light particles keep their high frequencies but also
catch the low frequencies of the heavy particles when they
are in the minority.
The vL
NN(k) dispersion curves ~Fig. 12! obtained from the
peaks of the CL
NN(k ,v) functions are generally very close to
the dispersion curves corresponding to the majority particles.
However, in the case of systems E and F, the CL
NN(k ,v)
functions show a second peak at higher frequency and then
two vL
NN(k) dispersion curves are obtained, one close to
vL
22(k) and the other close to vL11(k). It is also interesting to
investigate the existence of concentration modes analogous
to the charge modes ~optic modes! in molten salts. In gen-
eral, the CL
CC(k ,v) functions show two peaks and the corre-
sponding vL
CC(k) dispersion curves are very close to vL11(k)
and vL
22(k), respectively. According to earlier findings @6#,
the frequencies of the concentration-concentration modes go
to a finite value as k goes to zero, which is a characteristic
feature of the kinetic modes that is also shown by optic
modes in molten salts @14#. Then, the results in Fig. 12 cor-
FIG. 12. Longitudinal dispersion relations corresponding to the
partial currents @vL
11(k),vL22(k)# and the number density-
concentration currents @vL
NN(k),vLCC(k)# .2-8
MOLECULAR DYNAMICS STUDY OF THE . . . PHYSICAL REVIEW E 64 021202roborate the kinetic character of both the fast- and the slow-
propagating modes at intermediate wave vectors that are as-
sociated with the vL
11(k) and vL22(k) dispersion curves,
respectively. The larger the difference is between the mass of
the particles, the bigger is the difference between the vL
11(k)
and vL
22(k) frequencies. In our mixtures of disparate-mass
particles, acousticlike modes with coincident vL
11(k) and
vL
22(k) values can only be observed at wave vectors much
lower than those considered in this study ~within the hydro-
dynamic region!.
V. CONCLUDING REMARKS
The structure and dynamic properties of two kinds of liq-
uid binary mixtures have been discussed in this paper. On the
one hand, we explored simple mixtures with a ‘‘random
structure,’’ such as the Li0.7Mg0.3 alloy or system A, which
were simulated using potential functions that do not show
relevant differences for the interactions between like and un-
like particles. In these systems, the fluctuations of concentra-
tion are negligible and the three partial Si j(k) factors go
independently to quite high values as k goes to zero. Then,
the values of the partial Fi j(k ,t) functions are large and the
partial Si j(k ,v) factors can hardly be determined. It should
be noted that as a result of large cancellations, the FNN(k ,t)
functions for these systems have low values and show no-
ticeable oscillations at small wave vectors. On the other
hand, we explored partially ionic mixtures with an ‘‘incipient
ordered structure’’ such as the Li0.8Pb0.2 alloy or system D. In
these systems, the potential functions for the interactions be-
tween like and unlike particles are different. Forces between
particles of different species are attractive at intermediate
distances and forces between particles of the same species
are purely repulsive. In this case, the properties of the sub-
system of particles of the same species show a noticeable
similarity with the corresponding properties for one-
component liquids, i.e., the three partial Si j(k) factors go to
very close and small values as k goes to zero, the self and
distinct contributions to the Fii(k ,t) functions have similar
values but of opposite sign, and the Fi j(k ,t) functions show
very low values. Moreover, noticeable concentration fluctua-
tions, which are clearly reflected in the SCC(k ,v) functions,
were observed for these systems. We can then conclude that
the facility for observing fast-propagating modes from the02120S11(k ,v) functions for Li0.8Pb0.2 should be mainly attributed
to the incipient ABAB ordering in this alloy. However, it
should be emphasized that this should not be associated with
the existence of long-ranged interactions but to the rather
ordered structure at short distances, since fast-propagating
modes may also be easily observed in binary mixtures of
particles interacting through short-ranged potentials such as
system D.
It has been shown that the Fi j(k ,t)’s at low k’s include
oscillatory components of similar frequencies for both
Li0.7Mg0.3-like and Li0.8Pb0.2-like mixtures at analogous con-
ditions. Nevertheless, in the Li0.7Mg0.3-like mixtures, the
Fi j(k ,t) oscillations and consequent Si j(k ,v) peaks remain
hidden by low-frequency components. These low-frequency
components do not contribute to the longitudinal current
spectra and similar longitudinal dispersion relations are ob-
tained for the two types of mixtures. In general, both
CL
11(k ,v) and CL22(k ,v) functions show peaks at intermedi-
ate k’s, which reflect the existence of fast- and slow-
propagating modes of kinetic character that are associated
with light and heavy particles, respectively. Acoustic modes
would only appear within the hydrodynamic region, which
corresponds to very small k-v in the case of disparate-mass
liquid mixtures. The frequencies of the longitudinal modes at
intermediate k’s depend on both the mass of the particles of
distinct species and the thermodynamic state of the system,
whereas they are rather independent of the detailed features
of the interatomic potentials and the consequent structural
characteristics.
A comparison of the results for mixtures with reverse con-
centrations has shown that light particles may catch the char-
acteristic frequencies of heavy particles when they are in the
minority, whereas the opposite does not happen. Finally, it
has been proved that the softer the potential cores are, the
larger are the wave vectors at which the Si j(k ,v) functions
show noticeable peaks, which is consistent with earlier find-
ings for one-component liquids @11#.
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